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and Scott Bruin 
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SUMMARY 

The aerodynamic characteristics of three families of short axisymmetric 
bodies, 10 nose shapes in all, followed by a nominal one-diameter-long 
cylindrical afterbody are studied. The three geometric families were sharp 
cones, blunted cones, and ellipsoids. Variations within each family yielded 
four wave drag coefficients. Experimental values of drag coefficient, lift- 
curve slope, dynamic-stability parameter, and center of pressure are presented 
and compared with results from two simple theories. 

The short cylindrical afterbody contributed significantly to the lift, 
and also produced a rearward movement of the center of pressure; this was 
particularly evident with the sharp-nosed-cone configurations. The aerody- 
namic characteristics appear to be a stronger function of nose drag coeffi- 
cient than of nose geometry per se. The aerodynamic characteristics were, in 
general, insensitive to Mach number with the exception of the dynamic- 
stability parameter; low Mach number results indicated dynamic stability while 
high Mach number results indicated dynamic instability. 

In general, modified Newtonian theory underpredicts the drag by 5 to 30 
percent; furthermore, it predicts little or no contribution to lift from the 
afterbody at small angles of attack. A simple hybrid theory which allowed 
for a contribution to lift from the afterbody showed much improvement on many 
of the configurations but greatly overpredicted the lift on the configurations 
with ellipsoidal noses. It is felt that a better estimate of the zero angle- 
of-attack pressure distributions would improve estimates made with the simple 
hybrid theory. 

INTRODUCTION 

In the design of a hypersonic vehicle for a particular mission many 
design compromises, o r  - as they are often called - trade-offs, are made. 
Many of these compromises affect the geometry and thus the aerodynamic charac- 
teristics of the vehicle. To determine these trade-offs in the aerodynamic 
characteristics the designer must rely heavlly upon simple theoretical 
results, many- of which are unproveii, or sr? expnsive machine computations, 



since only a relatively small amount of experimental data may be available. 
Furthermore, the numerical solutions are for the most part limited to small 
or zero angle of attack and nondissipative flow. 

A recent series of free-flight experiments, designed for the purpose of 
obtaining shock-wave shapes, gave a body of aerodynamic data for 10 short 
axisymmetric bodies with systematic variation of three basic parameters - Mach 
number, nose drag coefficient, and nose geometry. These data provide an 
opportunity to examine experimentally the effect of these three basic param- 
eters on the aerodynamic characteristics. The shock-wave characteristics and 
flow fields for these same bodies were presented in references 1 and 2. 

The purpose of the present report is twofold: First, to present the 
experimental aerodynamic characteristics of this family of 10 configurations; 
second, to assess the applicability of two or three simple theories by com- 
parison with these data. 

A 

Cm 

d 

SYMBOLS 

cross-sectional area 

constants used in equations (6) 
total drag drag coefficient, 
( 112) P f A  

effective drag coefficient defined by equation (3) 

drag coefficient at zero angle of attack 

trim-lift and trim-side-force coefficients 

lift-curve slope, - a [ lift ]? per rad 
( 1 / 2 ) p P A  

pitching moment 

(112) pV2A 
pitching-moment coefficient, 

a a damping-in-pitch derivatives, as (Cm) + (Cm) 

pitching-moment-curve slope, 

a aa normal-force-curve slope, 

cylinder diameter 

, per rad normal force 

(112 )  PV2A 
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constant in equation (1) 

mass moment of inertia about roll and pitch axis, respectively 

PA ballistic parameter, - 2m 

length of cylindrical afterbody 

length of nose section 

free-stream Mach number 

model mass 

static pressure 

roll rate 

dimensionless pitching velocity with respect to wind-tunnel center 
line 

PVd free-stream Reynolds number, - 

nose radius 
P 

time 

free-stream velocity 

distance from model nose along axis of model 

distance from model nose cylinder intersection to center of gravity 

distance from model nose cylinder intersection to center of pressure 

coordinates along and orthogonal to the tunnel 

dimensionless pitching velocity relative to velocity vector 

angles of attack and sideslip, respectively 

resultant angle of attack, tan-l,/tan2 a + tan2 P 

root-mean-square resultant angle of attack 

dummy variable 

cofistsnts in equations (6) 

cone angle 
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A 

p 

5 

p free-stream air density 

a radius of gyration 

wave length of pitching oscillations 

coefficient of viscosity of free-stream air 

dynamic-stability parameter (defined by eq. (8) ) 

Subscript 

i initial conditions 

TEST PROCEDURE 

Small-scale models were gun launched at high speeds through a counter- 
current supersonic flow or still air, and the position and angular orientation 
of the models were measured as a function of time. The aerodynamic character- 
istics of the models were determined from these data. 

Models and Sabots 

The models were cylinders nominally one-diameter-long with various nose 
geometries. 
ation of geometry and nose drag. The families tested - sharp cones, spheri- 
cally blunted cones, and ellipsoids - are shown in figure 1. Within each 
family, noses were designed to have four nominal drag coefficients, 0.5, 0.9, 
1.3,  and 1.8, which were estimated from modified Newtonian theory 
(c = c sin2 e )  and reference 3. The flat-faced cylinder was common to 

all three geometries, so there was a total of 10 different configurations. 
photograph of the complete series is shown in figure 2. 

The nose configurations were selected to cover a systematic vari- 

P Pmax 
A 

The small flange at the base of each model (see fig. 2) supported a thin 
sheet of plastic, which prevented the remainder of the model from rubbing the 
gun bore. In general, this flange was about as thick as the boundary layer 
and, in many cases, was partially worn off from barrel friction. The wear was 
not always symmetric, as evidenced by the shock wave in the region of the 
flange. 
characteristics. 

The flange is thought to have only slight effects on the aerodynamic 

Test Facilities and Flow Conditions 

The tests were conducted in the Ames supersonic free-flight wind tunnel. 
Only a brief description of this facility will be given since a detailed 
description is given in reference 4. 
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The supersonic  f r e e - f l i g h t  wind tunnel  i s  an unheated blowdown supersonic 
wind tunnel  with interchangeable  nozzles giving free-s t ream Mach numbers of 
2 or  3. The tunnel  has a 27-foot-long t e s t  sec t ion  through which gun-launched 
models a r e  f ired.  
along the  t e s t  s ec t ion  and each s t a t i o n  i s  equipped with a p a i r  of orthogonal 
spark shadowgraph systems f o r  ob ta in ing  model pos i t i on  and o r i en ta t ion .  The 
time between successive spark shadowgraphs is  recorded t o  g ive  the  time h i s -  
t o r y  of t he  f l i g h t .  Tests  can be conducted e i t h e r  i n  t h e  countercurrent  air 
stream o r  through s t i l l  air. 

There are nine observat ion s t a t i o n s  a t  3-foot  i n t e r v a l s  

Various model v e l o c i t i e s  were used i n  combination with countercurrent  
air-stream Mach numbers of 0 and 3 t o  obta in  nominal test  Mach numbers of 5, 
10, and 15. 5) were conducted a t  1 a t m  pressure  t o  
give a nominal f ree-s t ream Reynolds nunber of 1.6 mi l l i on  based on model diam- 
e t e r .  The free-s t ream s t a t i c  pressure  of the shots with countercurrent  a i r  
s t ream (countercur ren t  air  stream had a Mach number of 3) w a s  ad jus ted  t o  give 
the  same nominal Reynolds number of 1.6 mil l ion  a t  Mach number 10. 
the  minimum pressure  a t  which the  wind tunnel  could be operated yielded a 
t e s t  Reynolds number of 2.5 mi l l i on  f o r  the  t e s t a  a t  Mach number 15. Under 
these  condi t ions,  the  flow over the  models at M = 5 and 10 can be considered 
as a p e r f e c t  gas; however, a t  M = 15 some oxygen d i s s o c i a t i o n  w i l l  occur i n  
s tagnat ion  regions.  The tes t  condi t ions f o r  each shot  a r e  given i n  t a b l e  I. 

Tests without flow ( M  

However, 

DATA REDUCTION 

The measured pos i t i on  ( x , y , z ) ,  angular o r i e n t a t i o n  (a,P), and t i m e  ( t )  
data were analyzed by means of the  equations o f  l i n e a r  and angular momentum t o  
y i e l d  the  var ious aerodynamic c h a r a c t e r i s t i c s .  Some t y p i c a l  measurements 
g iv ing  the  l i n e a r  motion i n  th ree  dimensions and the  angular i n  two dimen- 
s ions ,  f o r  a s i n g l e  t e s t ,  a r e  shown i n  f i g u r e  3. The method of analyzing such 
d a t a  and the  var ious assumptions employed w i l l  be descr ibed i n  the  following 
paragraphs. 

For a drag c o e f f i c i e n t  of the  form 

where C D ~  i s  the  zero angle drag coe f f i c i en t ,  G i s  a constant  normally 
taken t o  be the  l i f t - c u r v e  s lope ,  and a, i s  t he  r e s u l t a n t  angle  of a t t ack ,  
re ference  5 shows 
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where 
(because ofmthe  small change i n  
p l o t  of  V versus  x ( s e e  f i g .  3 ( a ) ) ,  and C D ~ ~ ~  i s  given by 

k = p A/2m, d(ZnV)/d(x) i s  t h e  s lope  of t h e  p l o t  of 2n(V) versus  x 
V,  t h i s  i s  nea r ly  the  same as the  s lope  of a 

where 

i s  t h a t  value of C D  Defy From equations (1) and (3 )  i t  can be seen t h a t  C 

which occurs a t  a r e s u l t a n t  angle  of a t t a c k  equal  t o  the  root-mean-square 
r e s u l t a n t  angle  of a t t ack .  

L i f t  -Curve Slope 

To determine C b ,  t he  swerve ( i . e . ,  varying t r a n s l a t i o n  i n  the  d i r ec -  

t i o n s  y and z, a t y p i c a l  example i s  shown i n  f i g .  3 ( b ) )  w a s  analyzed by means 
of the linear-momentum equations ( r e f .  6 ) .  
can be combined as a complex number and w r i t t e n  as 

The motion i n  the  two d i r e c t i o n s  

where the  double prime means d i f f e r e n t i a t i o n  twice with respec t  t o  x; C and 

CL, a r e  t he  t r im-side-force and t r i m - l i f t  c o e f f i c i e n t s ,  r e spec t ive ly .  Equa- 

t i o n  (4), i n t eg ra t ed  twice,  y i e l d s  

YO 

) + i px  - eiPx)] 

P2 + (-cyo + i c  LO 

where the subscr ip t  i r e f e r s  t o  i n i t i a l  condi t ions .  This de r iva t ion  
based on t he  following assumptions: 
l eng th  o f  t he  f l i g h t ;  ( 2 )  Cy,, C L ~ ,  and C b  

(1) The v e l o c i t y  i s  constant  over 
are constant ;  (3)  l i f t  due t o  

i s  
t h e  

( 5 )  

- 
angular r a t e s  i s  ignored; ( 4 )  t he  angles  a and p are s m a l l  and a r e  d e t e r -  
mined from equations f o r  t h e  o s c i l l a t o r y  motion (eqs.  (6a) and (6b)  of next  

6 



sec t ion )  which were f i t t e d  t o  the  experimental values of a and p. This l a s t  
poin t  w i l l  be discussed i n  more d e t a i l  i n  the  following sec t ion .  
the  constants  

t o  f i t  equation (5 )  t o  the  experimental pos i t ion  da ta  by the  method of l e a s t  
squares.  

To deduce 
CYo? CL0? and C k ,  a d i f f e r e n t i a l  cor rec t ion  procedure w a s  used 

S t a b i l i t y  

The s t a t i c -  and dynamic-stabi l i ty  c h a r a c t e r i s t i c s  were determined by the  
t r i c y c l i c  method of Nicolaides ( r e f .  6 ) .  
sp in  and s m a l l  amounts of t r i m .  The bas i c  assumptions a re :  near-perfect  
axial  symmetry of t he  models, s m a l l  angular displacements, l i n e a r  p i tch ing  and 
yawing moments, and a dynamic-stabi l i ty  parameter t h a t  i s  independent of angle 
of a t t ack .  Under these  assumptions the  solutions t o  the  angular momentum equa- 
t i o n s  i n  p i t c h  and yaw a r e  

This approach allows f o r  constant 

a = e71x(al  s i n  wlx + a2 cos wlx> + e7Zx(a3 s i n  w2x + a4 cos w2x) 

+ (a5 s i n  px + + cos px) ( 6 4  

7 lX I X  p = e (al cos wlx - a2 s i n  wlx) - e 2 (a3 cos w2x - a4 s i n  m2x) 

+ (a5 cos px - % s i n  px) (6b) 

To ob ta in  the  constants  

r e l a t e d  t o  w1 and w2), a d i f f e r e n t i a l  cor rec t ion  procedure was used t o  f i t  
equations (6a) and (6b) t o  the  experimental da ta  ( e .g . ,  f i g .  3 ( c ) )  by the  
method of l e a s t  squares.  

wl, w2, yl, q2, al, a,, a3, a*, a5, and a6 ( p  i s  

The s lope  of the  pitching-moment curve, C%, i s  r e l a t e d  t o  the  wave 
l e n g t h  of t he  p i t ch ing  o s c i l l a t i o n ,  A, by 

b21v 
-cm, = 

J 

A2 pAd 

where A i s  obtained from the  constants  w 1  and w 2  i n  equations (6a) and 
(6b)  as 

( 7 )  

Similarly-, thz dynayLc-stabi l i ty  parameter 5 i s  r e l a t e d  t o  the  
cons tan ts  q1 and v2 of equations (6a)  and ( 6 b )  by 

7 



where 5 is defined as 

This parameter is often referred to as the constant altitude dynamic-stability 
parameter for unpowered flight and is discussed in more detail in reference 7. 

Under the assumptions governing equations (6) the values of Cma and 5 
obtained from this technique are constants representing a linear dynamic sys- 
tem. 
tested are thus represented by values of 
"equivalent linear system. " 

Nonlinearities that may exist in the characteristics of the models being 
Cma and 5 which define an 

Center of Pressure 

The center of pressure, Xcp, may be determined from the definition of the 
pitching-moment-curve slope: 

This equation, when solved for Xcp/d, gives 

where for small angles of attack the slope of the normal-force curve, CN,, is 
given by 

cNa = cD cLa (1.3) 

Error Analysis 

The estimated accuracies of the basic measurements are 

X, y, z tO.005 in. 
t 21.25 psec 

a, p t0.20 

The accuracy of inferred aerodynamic parameters is very difficult to 
determine. However, experience and repeatability indicate that CD and Cm, 
are very good (less than 5-percent error). 

8 
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depends on many f ac to r s ,  such as 

gene ra l ly  not as good. The r e p e a t a b i l i t y  of the p re sen t  r e s u l t s  i n d i c a t e s  an  
accuracy of kO.15 per  radian; t he re  are a couple of cases wi th  l a r g e r  s c a t t e r .  
Although the  accuracy of t h e  dynamic-stabi l i ty  parameter 5 i s  gene ra l ly  not  
very good, i t  does determine convergence o r  divergence and i n d i c a t e s  s t rong  
t rends .  The accuracy of t h e  cen te r  of pressure  which i s  der ived  from 
Ck, and CL Cm, and CL,. 

a r y  C b ,  pA/2m and t h e  d i s t ance  flown, i s  

CD, 
l i e s  between t h e  accuracy of 

a 

RESULTS AND DISCUSSION 

The aerodynamic c h a r a c t e r i s t i c s  CD, CL,, Cm, I;, and Xcp, experimental ly  

determined f o r  t h e  fami ly  of 10 configurat ions a t  nominal Mach numbers of 5, 
10, and 15, are b a s i c a l l y  f o r  s m a l l  angles  of a t t ack ,  bu t  some exceptions w i l l  
be noted. The experimental  r e s u l t s  along with t h e  f l i g h t  condi t ions are 
l i s t e d  i n  t a b l e  I. A d iscuss ion  of t hese  results, as w e l l  as comparisons wi th  
simple theo r i e s ,  where appl icable ,  follows. 

Drag and Lift-Curve Slope 

- Drag.- The drag c o e f f i c i e n t s  a t  zero angle of a t t a c k ,  CD,, p l o t t e d  i n  

This co r rec t ion  w a s  made using equation (3)  with measured values  of 
I n  most cases  t h e  co r rec t ion  was s m a l l .  The effect  of Mach 

f i g u r e  4 i s  the  measured drag c o e f f i c i e n t ,  C D , ~ ~ ,  cor rec ted  f o r  drag due t o  

l i f t .  
CLa and CLrms. 
number on t h e  drag c o e f f i c i e n t  i s  small i n  the range t e s t e d .  Cowar ison  wi th  
modified Newtonian theory i s  made with r e s u l t s  from a l l  conf igura t ions  t e s t e d  
and comparisons with re ference  3 are made f o r  t h e  two sharp-cone models wi th  
a t t ached  bow waves. The drag c o e f f i c i e n t  f o r  t h e  two sharp-cone models wi th  
higher  drag could not  be determined from reference 3 because t h e i r  shock waves 
a r e  detached. 

Good agreement w a s  obtained between the  t e s t  r e s u l t s  and t h e  drag 
c o e f f i c i e n t s  ca l cu la t ed  by the  method of reference 3 f o r  t he  two cones wi th  
t h e  lowest  drag. Including sk in  f r i c t i o n  and base drag would probably improve 
t h e  agreement, I n  genera l ,  modified Newtonian theory c o n s i s t e n t l y  p r e d i c t s  
low drag c o e f f i c i e n t s ,  varying from 5 t o  30 percent .  The major exception t o  
t h i s  i s  the  drag c o e f f i c i e n t  of t he  f l a t - f a c e d  conf igura t ion  which w a s  over- 
p red ic t ed  because the  modified Newtonian theory f a i l e d  t o  account f o r  p re s su re  
decreasing t o  the  sonic  condi t ion a t  the  corner. 

L i f t -curve  s lope . -  The experimental l i f t - c u r v e  s lope  r e s u l t s  a r e  p l o t t e d  
i n  f i g u r e  5 as a func t ion  of f ree-s t ream Mach number. The s c a t t e r  i n  these  
da t a  i s  l a r g e r  than i n  the  drag da ta ,  as was d iscussed  i n  the  e r r o r  a n a l y s i s  
s ec t ion .  However, because of t h e i r  i n t e r n a l  consis tency,  the  present  results 
are considered t o  be good. The i l f t - c u r v e  s lope appears t o  be constant  o r  t o  
decrease s l i g h t l y  wi th  Mach number, but  the s c a t t e r  makes i t  d i f f i c u l t  t o  s a y  
which of t hese  i s  co r rec t .  

9 
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Comparison with modified Newtonian theory shows poor agreement. This i s  

not  too su rp r i s ing  when one considers  t h a t  t h i s  theory accounts f o r  no c o n t r i -  
bution t o  t h e  l i f t  curve on the  c y l i n d r i c a l  a f te rbody a t  zero angle  of a t t ack .  
Note t h e  curve f o r  t h e  f l a t - f a c e d  body i s  no t  shown; i t  i s  
would f a l l  w e l l  below the  da ta .  

C L ~  -" -1.8 and 

A comparison i s  a l s o  made wi th  a simple hybrid theory which includes a 
cont r ibu t ion  t o  l ift,  a t  small angles  of a t t ack ,  from the  af terbody.  This 
hybrid theory uses modified Newtonian or re ference  3 ca l cu la t ions  on the  nose 
and a l o c a l  per turba t ion  theory ( r e f .  8) on the  a f te rbody,  The l o c a l  p e r t u r -  
ba t ion  theory i s  b a s i c a l l y  as follows: Given a zero angle-of -a t tack  pressure  
d i s t r i b u t i o n ,  expand the  flow l o c a l l y  on the  leeward meridian and i s e n t r o p i -  
c a l l y  compress t h e  flow l o c a l l y  on the  windward meridian through a P rand t l -  
Meyer angle  equal  t o  the  angle  of a t tack ;  assume t h a t  t he  pressure  
per turba t ion  i s  d i s t r i b u t e d  i n  a cosine v a r i a t i o n  around the  body; f i n a l l y ,  
i n t e g r a t e  the  per turbed flow f i e l d  t o  ob ta in  the  l i f t .  
butions a t  zero angle  of a t t a c k  used i n  the  present  ca l cu la t ions  a r e  t abu la t ed  
below: 

The pressure  d i s t r i -  

Hybrid Theory 

Theory used Zero angle-of -a t tack  pressure  
d i s t r i b u t i o n  used on cy l inder  Configuration on nose 

C-0.5 
C-0.9 
C - 1 . 3  

sc-0.5 
sc-0.9 
sc-1.3 

E-0 .5  
E-0.9 
E - 1 . 3  

R e f .  3 Constant P/P, 
Ref. 3 Constant P/P, 

Mod. Newtonian Constant P/P, 
SP - Cor re l a t ion  equat ion (14)  
SP - Cor re l a t ion  equat ion (14 )  
SP - Cor re l a t ion  equat ion (14)  

Cor re l a t ion  equat ion ( 1 4 )  
Cor re l a t ion  equat ion (14)  I Cor re l a t ion  equat ion (14)  

The pressure on the  forebodies  w a s  determined from reference  3, when poss ib l e ,  
and by modified Newtonian, otherwise.  The pressure  j u s t  downstream of t h e  
shoulder ( t o  be ind ica t ed  by SP) on models with sharp corners  was obtained 
us ing  a Prandtl-Meyer equat ion around the  corners .  The pressure  on the  cy l -  
i nde r  of t he  sharp-nosed cones was assumed t o  be constant  and equal  t o  t h e  
shoulder pressure ,  SP ( t h i s  assumption of constant  pressure  i s  a simple 
approximation which should be f a i r l y  good f o r  t h e  s h o r t  c y l i n d e r s ) .  
blunted cones, a modified blast-wave-type p res su re - r a t io  c o r r e l a t i o n  equat ion 
(eq.  ( 1 4 ) )  was f a i r e d  i n t o  t h e  pressure  j u s t  downstream of t h e  shoulder ( i n d i -  
ca t ed  i n  the  t abu la t ion  by SP - c o r r e l a t i o n  eq. ( 1 4 ) ) .  For t h e  e l l i p s o i d a l  
configurat ions,  t he  fol lowing modified blast-wave-type c o r r e l a t i o n  equat ion 
was used ( ind ica t ed  i n  t h e  t a b u l a t i o n  as c o r r e l a t i o n  eq. (14)  ) : 

For t h e  
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This equation w a s  obtained by f a i r i n g  a curve through t h e  co r re l a t ed  r e s u l t s  
of re ference  2, wi th  only  t h e  da t a  f o r  pos i t ions  near  t h e  nose considered. 
The equat ion ob,-.ained i s  most r ep resen ta t ive  of t h e  Mach number 10 da ta ,  being 
too  high a t  the  Lower Mach number and too low at  t h e  h igher  Mach number. 

The comparison wi th  t h e  simple hybrid theory i s  shown i n  f i g u r e  5. 
Although the re  i s  some improvement over modified Newtonian theory,  t he re  i s  
s t i l l  much t o  be des i red ,  p a r t i c u l a r l y  f o r  t h e  cases wi th  e l l i p s o i d a l  noses.  
For those cases  which used equat ion (14 )  as a l l  or p a r t  o f  t he  zero angle-of- 
a t t a c k  pressure  d i s t r i b u t i o n  the  simple hybrid theory appears t o  overest imate  
t h e  Mach number e f f e c t  as a r e s u l t  of t h e  pressure-cor re la t ion  curve being too 
high a t  the  low Mach numbers and too l o w  a t  the high Mach numbers, as 
descr ibed ear l ier .  

It should be noted t h a t  t he  accuracy of  t h i s  simple hybrid theory, among 
o the r  th ings ,  i s  a s t rong  func t ion  of t he  pressure d i s t r i b u t i o n  used. There- 
f o r e  the  order  of approximation of t h e  pressure d i s t r i b u t i o n  i s  important.  
The pressure  d i s t r i b u t i o n  i n  the  f i r s t  diameter or two behind the  nose i s  very 
s e n s i t i v e  t o  nose geometry and Mach number. 
t i o n s  would, i t  i s  bel ieved,  improve the  agreement, b r ing ing  i t  more i n  l i n e  
with t h e  t r end  exhib i ted  by the  experimental  r e s u l t s  because, as w a s  noted 
above, t h e  c o r r e l a t i o n  curve used tends t o  overpredict  t h e  pressures  a t  Mach 
number 5 and underpredict  t h e  pressures  at Mach number 1 5 .  

More accura te  pressure  d i s t r i b u -  

Cor re l a t ion  of l i f t - c u r v e  s lope  and drag.-  The experimental  l i f t - c u r v e  
s lope  i s  p l o t t e d  versus t h e  drag c o e f f i c i e n t  i n  f i g u r e  6 f o r  a nominal Mach 
number of 10. There are th ree  apparent advantages t o  t h i s  type of p l o t :  
(1) a quick comparison of var ious geometries can be e a s i l y  made; (2 )  a quick 
o v e r - a l l  assessment of theory  can be made; and (3) a simple approximate t r ade -  
off between l i f t  and drag i s  e a s i l y  obtained.  

I n  comparing t h e  experimental  da t a  f o r  the var ious  geometries, at a 
constant  

continuous s lope  a t  t h e  nose-cylinder junct ion have more l i f t  than t h e  e l l i p -  
t i c a l  nose conf igura t ion .  
end of t h e  curves a l l  of the curves have t o  meet a t  a common po in t  ( i . e .  , the 
f l a t - f a c e d  cy l inder  i s  comon t o  a l l  t h e  f a m i l i e s ) .  A s  C D ~  i s  increased  

from i t s  lower values  t h e  l i f t  cont r ibu t ion  from t h e  af terbody of the sharp- 
nosed conf igura t ion  a t  f i rs t  appears t o  increase.  This can be seen from a 
comparison of t he  theory f o r  t he  cone alone (considered t o  be a good r ep re -  
s e n t a t i o n  of cone da ta )  and t h e  cone-cylinder da t a .  
i n  t h e  su r face  flow ahead of t he  shoulder from supersonic  t o  subsonic, t h e  
l i f t  from the  a f te rbody decreases with fu r the r  i nc rease  i n  CD. This change 
of af terbody l i f t  with changing appears t o  be present  i n  the  blunt-cone 
d a t a  a l s o .  
c o r r e l a t e  w i t h  t he  pressure  j u s t  downstream of t h e  shoulder,  p a r t i c u l a r l y  f o r  
t h e  sharp cone. 

C D ~ ,  we can see t h a t ,  i n  general ,  the  conf igura t ions  with a d i s -  

Note, however, t h a t  a t  t h e  high drag c o e f f i c i e n t  

However, with the change 

CD 
The changes i n  l i f t  produced by t h e  af terbody would appear t o  

Three t h e o r e t i c a i  approaches have been used t o  generate  curves f o r  com- 
pa r i son  wi th  the  experimental  results: the modified Newtonian and iiy-br"ld 



. 
theories for the complete configuration, and reference 3 for conical noses 
alone. It is interesting to note the modified Newtonian does not distinguish 
between configurations having the same drag. Furthermore, note that, in gen- 
eral, the simple hybrid theory which has a contribution to the lift-curve 
slope from the afterbody does provide significant improvement over the modi- 
fied Newtonian theory and reference 3 for both sharp- and blunt-nosed configu- 
rations. Note the curve for the sharp-nosed cones is terminated at a CD of 
about 1.2 since a theoretical calculation of CD, based on reference 3, for 
the 5 8 O  cone is not possible because of shock detachment, 
ment with experimental data obtained with the simple hybrid theory over that 
which considers contributions from the nose only indicates the significant 
contribution of lift from the short cylinder. A short-curve second-order 
shock-expansion theory for slender bodies (ref. 9 )  is also shown in figure 6 
for comparison with the simple hybrid theory on the cone-cylinder configura- 
tions. The two theories appear to give consistent results for the small angle 
cones. 

The improved agree- 

The agreement between the configurations with the ellipsoidal noses and 
the simple hybrid theory is poor. This may be because of poor estimates of 
the zero angle-of-attack pressure distribution. 

The trade-off between lift and drag is readily apparent in figure 6. A 
simple rule of thumb for this trade-off is 

DO nc& = -2 nc 

where the A C b  

incremental change A C D ~  in drag. 

is the incremental change in lift-curve slope accompanying an 

Static Stability and Center of Pressure 

Static stability.- The experimentally determined values of the static 
stability Cm,. are tabulated in table I. It is not meaningful to make direct 
comparison of these data because the centers of gravity are different for 
different models. It should be noted, however, that there is a slight Mach 
number effect on Cma. Increasing Mach number decreases Cma. A better com- 
parison of the different configurations can be made on the basis of the 
center-of-pressure locations obtained from C%, CL,, and CD. 

Center of pressure.- The center of pressure in diameters from the 
shoulder is shown plotted in figure 7 as a function of Mach number. With the 
exception of one or two data points, the results are internally very consist- 
ent. Also shown in this figure are the centers of pressure calculated by 
modified Newtonian theory and the simple hybrid theory. 

The center-of-pressure position is nearly independent of Mach number, 
moving only slightly forward with increasing Mach number, and is highly 
dependent on the nose-drag coefficient, moving farther behind the shoulder 
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with  increas ing  nose drag. The geometry of t he  nose has only a s l i g h t  e f f e c t  
on the  center-of-pressure l o c a t i o n  f o r  configurat ions with the discontinuous 
s lope at t h e  shoulder ( i . e . ,  t he  sharp- and blunt -nosed cone conf igu ra t ions ) .  
This again appears t o  i n d i c a t e  t h e  s t rong  ef fec t  of t he  s lope d i scon t inu i ty  on 
the  af terbody pressure  d i s t r i b u t i o n .  On the  other hand, t h e  e l l i p so ida l -nosed  
configurat ions with 
of pressure,  moving it  forward. 

CD = 0.5 and 0.9 had a pronounced e f f e c t  on t h e  center  

I n  comparing the  da t a  with the  t h e o r e t i c a l  r e s u l t s  one can see  a marked 

The agreement 
improvement i n  t h e  simple hybrid theory over the modified Newtonian theory,  
again ind ica t ing  t h e  important cont r ibu t ion  of t he  af terbody.  
with the  simple hybrid theory is ,  i n  general ,  very good. 

Dynamic S t a b i l i t y  

The present  s e t  of tests was not  s p e c i f i c a l l y  designed f o r  ob ta in ing  
dynamic-stabi l i ty  data.  As  a r e s u l t ,  i n  many of t he  t e s t s  t he  number of 
cycles  of p i t ch ing  and yawing motion observed was i n s u f f i c i e n t  f o r  ob ta in ing  
accura te  dynamic-stabi l i ty  data.  Dynamic-stability da t a  were obtained,  how- 
ever,  i n  the  course of ana lys i s  of the  f l i g h t s  and a r e  tabula ted  i n  t a b l e  I, 
along with the  number of observed cycles  of motion and a nota t ion  cha rac t e r i z -  
ing the  o s c i l l a t o r y  motion as p lanar  (P) o r  nonplanar (Np) . 
motion i s  p lanar  o r  no t  has an e f f e c t  on t h e  apparent dynamic s t a b i l i t y  
( r e f .  10). 

(Whether t he  

This p e c u l i a r i t y  can r e s u l t  from nonlinear damping. ) 

Bearing i n  mind the  above l i m i t a t i o n s ,  we p l o t  t he  dynamic-stabi l i ty  
~ 

Note t h a t  one cycle of observed motion i s  by no means s u f f i -  

~ poin ts :  F i r s t ,  i n  general ,  t he re  does not appear t o  be any dominant e f f e c t  of 

parameter, 5 ,  f o r  those t e s t s  with one o r  more cycles  of observed p lanar  
motion ( f i g .  8) .  
c i e n t  f o r  good prec is ion .  The r e s u l t s  do, however, i n d i c a t e  a couple of 

nose geometry or  drag coe f f i c i en t ;  and second, t h e r e  appears t o  be a decrease 
i n  dynamic s t a b i l i t y  with increas ing  Mach number, the  low Mach number r e s u l t s  
i n d i c a t i n g  dynamic s t a b i l i t y  and the  higher Mach number r e s u l t s ,  dynamic 

I 

1 

I i n s t a b i l i t y .  

I CONCLUDING REMARKS 

The aerodynamic c h a r a c t e r i s t i c s  of three f ami l i e s  of bodies,  10 configu- 
r a t i o n s  i n  a l l ,  a t  nominal Mach numbers of 5, 10, and 1.5, have been exper i -  
mentally determined and compared with some simple theo r i e s .  
some general  observat ions about t he  r e s u l t s  and t h e  comparison wi th  theory.  

The fol lowing a r e  

The s h o r t  a f te rbody w a s  found t o  contr ibute  s i g n i f i c a n t l y  t o  the  l i f t  and 
a l s o  t o  produce a rearward movement of t he  center  of pressure;  t h i s  w a s  par-  
t i c u l a r l y  evident  f o r  t h e  sharp-nosed cone configurat ion.  



, 

Furthermore, t he  l i f t - c u r v e  s lope,  C L ~ ,  and center  of p ressure  appeared 

t o  be more a func t ion  of nose drag  c o e f f i c i e n t  than  of nose shape per se; 
increas ing  nose drag c o e f f i c i e n t  decreased 
pres s u r  e rearward. 

CI;, and moved t h e  cen te r  of 

The dynamic behavior appeared t o  change from s t a b l e  a t  t h e  lower Mach 
numbers t o  unstable  a t  t h e  higher  Mach numbers- 

I n  general ,  modified Newtonian theory underpredicted the  drag by 5 t o  
30 percent and predic ted  l i t t l e  o r  no l i f t  cont r ibu t ion  from the  c y l i n d r i c a l  
af terbody a t  small angles  of a t t ack .  
l i f t  from the  af terbody w a s ,  i n  general ,  an improvement over t he  modified 
Newtonian theory bu t  i t  l e f t  much t o  be  desired;  i n  p a r t i c u l a r ,  i t  overpre- 
d ie ted  t h e  l i f t  on t h e  a f te rbody of t h e  e l l ipso ida l -nosed  conf igura t ions .  
Bet te r  estimates of t h e  pressure  d i s t r i b u t i o n  a t  zero angle  of  a t t a c k  would 
probably improve the  p red ic t ions  made with the  simple hybrid theory.  

A simple hybrid theory which allowed f o r  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett F i e ld ,  Cal i f . ,  Mar. 1, 1965 
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Figure  1.- Configurations t e s t ed .  
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